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Abstract Bursts of X-rays and 𝛾-rays are observed from lightning and laboratory sparks. They are
bremsstrahlung from energetic electrons interacting with neutral air molecules, but it is still unclear how the
electrons achieve the required energies. It has been proposed that the enhanced electric ﬁeld of streamers,
found in the corona of leader tips, may account for the acceleration; however, their eﬃciency is questioned
because of the relatively low production rate found in simulations. Here we emphasize that streamers
usually are simulated with the assumption of homogeneous gas, which may not be the case on the small
temporal and spatial scales of discharges. Since the streamer properties strongly depend on the reduced
electric ﬁeld E∕n, where n is the neutral number density, ﬂuctuations may potentially have a signiﬁcant
eﬀect. To explore what might be expected if the assumption of homogeneity is relaxed, we conducted
simple numerical experiments based on simulations of streamers in a neutral gas with a radial gradient in
the neutral density, assumed to be created, for instance, by a previous spark. We also studied the eﬀects
of background electron density from previous discharges. We ﬁnd that X-radiation and 𝛾-radiation are
enhanced when the on-axis air density is reduced by more than ∼25%. Pre-ionization tends to reduce the
streamer ﬁeld and thereby the production rate of high-energy electrons; however, the reduction is modest.
The simulations suggest that ﬂuctuations in the neutral densities, on the temporal and spacial scales of
streamers, may be important for electron acceleration and bremsstrahlung radiation.
Plain Language Summary Bursts of X-rays and 𝛾-rays are observed from electric discharges. They
are bremsstrahlung from energetic electrons interacting with air molecules, but how do electrons achieve
the necessary energies? Previous theories suggest that the enhanced electric ﬁelds of streamer discharges
facilitate the acceleration; however, simulations found a relatively low production rate. Streamer simulations
are usually performed in homogeneous air, which may not be realistic on the small temporal and spatial
scales of discharges. Streamer properties depend not only on the electric ﬁeld but also on the density of air;
therefore, air perturbations may have a signiﬁcant eﬀect. To investigate the emission of X-rays and 𝛾-rays in
nonuniform air, we conduct simulations in a neutral gas with radial perturbations, for example, created by
a previous discharge. We ﬁnd that X-radiation and 𝛾-radiation is enhanced when the on-axis air density is
reduced by more than ∼25%. The simulations suggest that perturbed air, on the temporal and spacial scales
of streamers, is important for electron acceleration, bremsstrahlung radiation, and the production of X-rays
and 𝛾-rays emitted from discharges.
1. Introduction
Terrestrial gamma-ray ﬂashes (TGFs) are photon bursts with energies of up to 40 MeV originating from thun-
derstorms. They were ﬁrst observed in 1994 from the Compton Gamma-ray Observatory satellite (Fishman
et al., 1994) and later conﬁrmed by other space-based observations (Briggs et al., 2010; Marisaldi et al., 2010;
Smith et al., 2005). X-rays have alsobeenobservedat closer proximity to the sourcewith sensors on theground
and onballoons (Dwyer, 2004;Mallick et al., 2012;Moore et al., 2001) and in high-voltage laboratory discharge
experiments of long sparks (Babich et al., 2015; Dwyer et al., 2005; Kochkin et al., 2014, 2016). The X-ray and
𝛾-ray are produced by high-energy, runaway electrons through the bremsstrahlung process; however, the
acceleration process of these electrons is still under debate.
There are currently two theories explaining the origin of TGFs. One is that seed electrons from cosmic ray ion-
ization of the atmosphere are born with energies in the runaway regime and are further accelerated by the
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Dwyer, 2003; Gurevich et al., 1992; Gurevich & Karashtin, 2013; Wilson, 1925) including the feedback mech-
anism where high-energy electrons produce high-energy gamma rays through the bremsstrahlung process
which subsequently produces secondary electrons and positrons through photoionization, Compton scatter-
ing, or pair production (Dwyer, 2003, 2007; Kutsyk et al., 2011; Skeltved et al., 2014). The other is that thermal
(cold) electrons are accelerated into the runaway regime in the high, but very localized, ﬁeld of streamer tips
as well as by the enhanced electric ﬁelds in the vicinity of lightning leader tips (Babich et al., 2015; Celestin &
Pasko, 2011; Chanrion & Neubert, 2008; Köhn et al., 2014; Köhn & Ebert, 2015; Köhn, Diniz, Harakeh, 2017) and
subsequently turn into relativistic RREAs (Carlson et al., 2010, 2006; Köhn, Diniz, Harakeh, 2017; Moss et al.,
2006). In the following we explore the streamer mechanism.
Lightning leaders propagate by means of a multitude of streamers. Streamers are ionization waves formed
when the avalanche of thermal electrons creates space charge ﬁelds of magnitudes that approach the levels
of the background ﬁeld (Raizer, 1991).
Pastmodels of electron acceleration by streamers suggest that runaway electrons are created in the high-ﬁeld
region of the streamer tips (Babich et al., 2015; Celestin & Pasko, 2011; Chanrion & Neubert, 2010) and that
these are further accelerated in the larger-scale leader ﬁeld to ﬂux levels that can account for TGFobservations
(Briggs et al., 2011; Dwyer et al., 2008). However, the environment of the leader tip is very complex and to a
large extent unknown, and there are currently no self-consistentmodels that account for the leader-streamer
interaction and propagation of the leader, at least not on a plasma kinetic level. Early discussions of density
perturbations in connection with discharges suggest that, before the formation of a hot conductive leader
channel, streamers heat the air and induce a radial ﬂow of neutral air molecules, which reduces the air density
in the streamer path by up to 50% (Marode et al., 1979). Similar conclusions were reached for positive stream-
ers in a point-plane electrode geometry in themore recent simulations of Eichwald et al. (1998), Eichwald et al.
(2011), Kacem et al. (2013), Liu and Zhang (2014), and Ono andOda (2004). Tholin and Bourdon simulated the
hydrodynamic air expansion from a nanosecond-pulsed spark discharge in a point-to-point gap of 2.5-mm
length and for a voltage pulse peaked at approximately 5 kV, hence in a maximum ambient ﬁeld of approx-
imately 20 kV/cm plate-electrodes equivalent (Tholin & Bourdon, 2013). Under such conditions, they found
that spark discharges initiate pressure waves potentially decreasing the air density by a factor of 50%. By cou-
pling the ﬂuid equations of discharge dynamics and the hydrodynamic equations for the air ﬂow, Agnihotri
et al. observed that ambient air heats up to approximately 800 K within tens of nanoseconds within a mean
ambient ﬁeld of 17 kV/cm. This heating process and the induced pressure waves are eﬀective enough to initi-
ate electrical breakdownwithout the streamer mechanismwith locally enhanced electric ﬁeld tips (Agnihotri
et al., 2017). Beyond air perturbations induced by shock waves and heating processes, civil transport aircraft,
high-speed air vehicles, or the wind ﬂow around (sharp) objects (Corda, 2017; Fleming et al., 2001; Gu & Lim,
2012; Gumbel, 2001; Lawson & Barakos, 2011) can initiate large pressure and thus air density gradients. The
eﬃciency of the streamer dischargemechanism undermore realistic conditions is therefore unclear (see, e.g.,
discussions in Dwyer et al., 2012).
Here we take a step toward amore realistic scenario where the neutral density is considered inhomogeneous
on spatial and temporal scales of streamers, as in the environment of a propagating leader tip. We imagine
a multitude of streamers emitted from a leader tip, facilitating the leader propagation, and that ﬁlaments of
neutral density depletion are created in the stepping process from heating of the neutral gas. We consider a
scenario that can be accommodated in our model, whereby a streamer is propagating along the axis of a ﬁl-
ament. In previous work, we have discussed air perturbations as well as their origin and focused on streamer
properties in inhomogeneous air (Köhn et al., 2018). Conclusively, we found that the streamer velocities as
well as the streamermorphology depend on the spatial distribution of ambient air. Depending on the pertur-
bation level, electrons reach energies of up to several kiloelectron volts suggesting the production of X-rays
in perturbed air. We here now continue and explore the possible eﬀect of air perturbations on the emission
of X-rays from streamer discharges.
Temporal and spatial scales of discharges, and themagnitudeof the thresholdelectric ﬁeld E, are inverselypro-
portional to the neutral density, n, and perturbations to the neutral density could therefore potentially aﬀect
the streamer properties. The reduced electric ﬁeld, E∕n is often used when discussing discharge processes. In
air at standard temperature and pressure, with a homogeneous density and electric ﬁeld, the reduced break-
down ﬁeld, Ek∕n is ≈125 Td corresponding to Ek = 3.2 MV/m at standard temperature and pressure where
n = 2.55 ⋅ 1025 m−3.
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In the following we present proof-of-concept simulations that explore the impact of streamer-scale inho-
mogeneities on electron acceleration and bremsstrahlung radiation. Our model does not self-consistently
account for air perturbations but is meant to identify the possible eﬀects on streamers that may be induced
by density perturbations, an area that until now is largely unexplored.
2. Methods
Following Babich et al. (2015), we hypothesize simple radial proﬁles of air and electron densities of channels
formed by preceding streamers and compare with results obtained in uniform air without pre-ionization.
2.1. Setup of the Model
The computational model is based on a 2.5-D cylindrically symmetric particle-in-cell, Monte Carlo code with
adaptive superparticles representing w real particles. An adaptive particle scheme can change the weight
(w) and number of super electrons while conserving the energy, momentum, and the charge distribution
(Chanrion & Neubert, 2008). It allows us to increase the resolution of high-energy particles (w small) and
to reduce the computational load of the large amount of low-energy electrons (maximum of 100 particles
in a cell). The code has two spatial (r, z) and three velocity coordinates (vr, v𝜃, vz). The simulation domain is
Lr = 1.25 mm in the r direction and Lz = 14 mm in the z direction with a mesh of 150 × 1, 200 grid points.
Since we use a particle code, updating the position of electrons and photons, as well as accounting for the
collisions with air molecules, is independent of the actual grid. The grid is used to solve Poisson’s equation
for the electrostatic potential,𝜙, from the particle charge distributions after every time step. The air density is
unaﬀected by the streamer and remains constant during a simulation. The ions are immobile at the location
of their creation, and only the electrons are accelerated by the local electric ﬁeld. The interactions of electrons
with the neutral molecules include ionization, elastic and inelastic scattering, attachment and detachment,
and bremsstrahlung emissions (Chanrion & Neubert, 2008; Köhn & Ebert, 2014).
In all simulations, the ambient electric ﬁeld, Eamb, is 1.5 Ek , where Ek is the breakdown ﬁeld in unperturbed
air. At the boundary (r = 0, Lr) we use the Neumann condition for the electric potential, 𝜕𝜙∕𝜕r = 0, and at
(z = 0, Lz) the Dirichlet conditions 𝜙(r, 0) = 0 and 𝜙(r, Lz) = EambLz . As in Chanrion and Neubert (2008) and
Köhn, Chanrion, et al., (2017b) we initiate the streamer with a Gaussian electron ion patch with a peak density
of 1020 m−3, a width of 0.2 mm, and centered at z0 = 7 mm. The patch is charge neutral at t = 0.
2.2. Air Density Perturbations
Wemodel the eﬀects of small-scale air density perturbations and ionization by a preceding streamer as sug-
gested inBabichet al. (2015), Eichwaldet al. (1996), Navarro-González et al. (2001), Hill andRobb (1968), Kacem
et al. (2013), Liu and Zhang (2014), Marode et al. (1979), Villagrán-Muniz et al. (2003), and Plooster (1970). We
choose sinusoidal air density perturbation in the radial direction with the minimum on the axis (r = 0) and
the maximum at the outer boundary (r = Lr)
nj(r) = n0
(
1 − 𝜉j cos(r𝜋∕Lr)
)
; j = 0,… , 4 (1)
where n0 = 2.55 ⋅1025 m−3 is the background neutral density at sea level and 𝜉j=0−4 is the perturbation ampli-
tude of the j’th proﬁle simulated. We consider the following levels of perturbations: 𝜉j = 0, 0.25, 0.5, 0.75, 1.0,
which represent diﬀerences on the r axis of 0% to 100%. We note here that the ratio Eamb∕Ek depends on r for
j> 0. For example, for j = 3, Eamb(0, z)∕Ek = 6, Eamb(Lr∕2, z)∕Ek = 1.5, and Eamb(Lr, z)∕Ek = 0.86. Hence, the
eﬀective electric ﬁeld is strongly enhanced only in a small region around the symmetry axis. Variousmeasure-
ments have shown that electric ﬁelds in streamer discharges can reach ﬁeld strengths of up to ≈10Ek (Kim
et al., 2004; Pancheshnyi et al., 2000; Spyrou &Manassis, 1989) consistent with results of streamer simulations
and analytic estimates (Chanrion&Neubert, 2008; Köhn et al., 2018; Liu & Pasko, 2004;Moss et al., 2006; Naidis,
2009; Qin & Pasko, 2014; Tholin & Bourdon, 2013). In the vicinity of lightning leader tips, calculations have
shown that the enhanced electric ﬁeld can exceed several times the breakdown ﬁeld (Köhn, Diniz, Harakeh,
2017; Köhn & Ebert, 2015).
In an electric ﬁeld of 6Ek , the ionization length 1∕𝛼ion(E), where 𝛼ion(E) is the Townsend coeﬃcient (Chanrion
& Neubert, 2008), is 3 μm, while the ionization length amounts to approximately 111 μm in a ﬁeld of 0.86Ek .
Thus, on the boundaries r = 0 and r = Lr , the ionization length is small enough to allow the formation of
streamers yet signiﬁcantly diﬀerent such that electrons experience the eﬀect of nonuniform air. We here note
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that the case j = 4 is an extreme case which we use to conclude our parameter study extrapolating perturba-
tions of 80% and above. The functional shape of the density ismeant to capture the scale, the densityminima,
and the radial gradients of the perturbations. Other than that, the function chosen is not important for our
conclusions.
2.3. Pre-ionization
In order to address the impact of pre-ionization, we simulate conditions without pre-ionization and with
pre-ionization ne,0 = 1012 m−3 as used by Babich et al. (2015) and also used in Nijdamet al. (2011). Other simu-
lations (Köhn et al., 2018; Köhn, Chanrion, & Neubert, 2017a) indicate that the electron density in the streamer
channel left behind is in the order of 1016 –1020 m−3.
After a discharge, the time of ﬁeld screening inside the previous channel is determined by the times for
electron attachment and ion-ion recombination. The time of electron attachment in air is
tatt = 1∕
(




with the oxygen density nO2 = 0.2 n, air density n, and with katt = 2 ⋅ 10
−30 cm6/s (Kossyi et al., 1992). After
electron attachment, the time of ion-ion recombination is calculated through
trec = 1∕
(
(krec,1 + krec,2 ⋅ n) ⋅ n
)
(3)
with krec,1 = 10−7 cm3/s and krec,2 = 2 ⋅ 10−25 cm6/s (Pancheshnyi et al., 2005). For n = n0, it is tatt = 20 ns and
trec ≈ 7.8 fs; for n = 0.1n0, it is tatt = 2 μs and trec ≈ 0.7 ps. As we will discuss in section 4, the lifetime of air
perturbations is in the order of 50 ms and thus signiﬁcantly larger than the time to readjust the electric ﬁeld.
The electric ﬁeld will diﬀuse within time 𝜏diﬀ ≃ 𝜈en∕𝜔2pe (Banks et al., 1990; Neubert et al., 1996) where 𝜈en is
the collision frequency of electrons and 𝜔pe the plasma frequency. If we approximate the maximum collision
frequencyat standard temperature andpressure 𝜈en ≈ 8.45⋅1012 s−1 andnoting that theplasma frequency𝜔pe
ranges from5.65⋅107 s−1 to 5.65⋅1011 s−1 for pre-ionization levels of 1012 –1020 m−3, the electric ﬁeld diﬀusion
time becomes 𝜏diﬀ = 26.52 ps to 2.65 ms. Thus, levels of pre-ionization ≲ 1016 m−3𝜏diﬀ > 100 ns are longer
than the time scale for air perturbations (Marode et al., 1979) or the time scale for streamer simulations at sea
level (Köhn et al., 2018; Köhn, Chanrion, & Neubert, 2017a). For the ﬁeld to reestablish itself within a previous
streamer body, we must place an additional assumption that either the time between the old streamer and
the new streamer is longer than these time constants or that a new potential wave is propagating into the
streamer body from the leader tip as discussed by Babich et al. (2015) and Bazelyan and Raizer (2000).
3. Results
3.1. Temporal Evolution of the Electron Density
The electron densities, ne, of the streamers without pre-ionization are shown in Figures 1a–1h. To ease com-
parison with the unperturbed case, which is usually considered in simulations of streamers, the left halves
are for unperturbed air, j = 0, and the right halves for j = 1 to 4. We have chosen to show the results at
three times, determined by themaximum time that can be accommodated in the simulation domain. For the
two smaller perturbation levels the simulations can run longer because the streamers develop and propagate
slower (t = 1.03 ns), and for the two higher perturbation levels we must stop the simulations earlier because
the streamers develop rapidly in the low-density regions (t = 0.37 ns for 𝜉j = 0.75 and t = 0.12 ns for 𝜉j = 1.0).
In the supporting informationwe have added the temporal evolution of this comparison. In order to compare
the streamer evolution at the same time step, panels (e–h) show the electron density for all cases after 0.12 ns.
The ambient electric ﬁeld is pointing downward such that positive streamers propagate downward and neg-
ative streamers upward. Panels (a–h) show that for small perturbations, below 50%, the positive and negative
streamer fronts both develop and propagate almost with the same pattern as in unperturbed air, although
faster with increasing 𝜉j . For high levels of perturbations, the negative streamer develops and propagates
faster than the positive and it becomes diﬃcult to identify a positive front. The diﬀerences in their properties
come from the underlyingmechanisms of their propagation. Negative streamers are primarily driven by elec-
tron impact ionization as they propagate in the same direction as electrons are accelerated (against the ﬁeld),
whereas positive streamers primarily propagate by means of photo ionization of O2 from excitation of N2
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Figure 1. The electron density of streamers for diﬀerent levels of air density perturbations without pre-ionization (a-h)
after the maximum simulated time (a–d) and after 0.12 ns (e–h). The left half of each panel shows the electron density
in uniformly distributed air n0 and the right half in perturbed air n1−4 (1). (i–l) Electron density in perturbed air with
pre-ionization of ne,0 = 1012 m−3 (left) and without pre-ionization (right).
by electrons accelerated ahead of the streamer and against its direction of propagation (e.g., Zheleznyak et al.,
1982). For the high values of 𝜉j , the reduced density of air molecules reduces the production of photoelec-
trons important for the positive streamers and increases the mean-free path of electron ionization, allowing
electrons tomove longer distances and achieve higher energies between collisions in the negative streamers.
The changes in streamer formation and acceleration in perturbed air are illustrated by considering the mean
velocities of streamers. Because the streamers continue to accelerate at the end of the simulations and we
stop the simulations at diﬀerent times, it is not meaningful to calculate and compare the velocities them-
selves. Rather, we determine the mean streamer velocities in perturbed air normalized to the corresponding
unperturbed velocities. Since we stop the simulations for perturbation levels of 75% and 100% within 1 ns, it
is hard to identify clear positive fronts and hence we are not able to determine normalized velocities of pos-
itive streamers in these cases. The mean velocities are calculated from the position of the fronts at t = 0.01
ns and tend. The results are shown in Table 1. We ﬁnd that normalized velocities of both polarities increase
with increased level of perturbation reaching ≃70 for the negative polarity at 𝜉 = 1. This is consistent with
experiments (Briels et al., 2008), theoretical considerations (Ebert et al., 2010), and numerical simulations (Liu
& Pasko, 2004; Pancheshnyi et al., 2005) showing that positive and negative streamers move faster for higher
so-called reducedﬁelds, that is, higher electric ﬁelds for ﬁxed air density or for reduced air density in a constant
electric ﬁeld.
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Table 1
TheMeanVelocities, v±j , andNormalizedMeanVelocitiesΞ
± ∶= (vj∕v0)± of Negative and Positive Streamer Fronts at Diﬀerent Levels of Perturbation (No Front Is Identiﬁed










j 𝜉j (ns) (mm/ns) (mm/ns) Ξ+ Ξ− (keV) (keV) N𝛾 (mm/ns) (mm/ns) (keV) (keV) N𝛾,PI
1 0.25 1.03 0.84 1.39 2.9 1.9 0.2 — — 0.40 1.00 0.1 — —
2 0.50 1.03 3.83 4.96 13.2 6.8 0.2 0.1 3 3.28 3.32 0.2 — —
3 0.75 0.37 — 9.50 — 12.7 3.0 3.0 777 — 5.97 1.0 0.4 9
4 1.00 0.12 — 59.85 — 70.4 100 30 21,816 — 59.68 50 15 5,247
Note. v0 is the velocity of the negative and positive streamer fronts in uniform air.
Figures 1i–1l illustrate the importance of pre-ionization on the temporal evolution of the electron density for
the same perturbation levels and time steps as in panels (a)–(d). The left half of each panel shows the elec-
tron density with a pre-ionization level of 1012 m−3 and the right half without pre-ionization, hence as the
right halves of panels (a)–(d). Additionally, Table 1 compares the velocities of the streamer fronts without and
with pre-ionization. In all considered cases, the streamer fronts move slower in the presence of pre-ionization
(Nijdam et al., 2011) for the same 𝜉j but still faster than streamers in uniform air. However, the eﬀect of
streamers being faster than in uniform air, increasingwith 𝜉j , is still prevalent in the presence of pre-ionization.
3.2. Occurrence of High-energy Electrons and X-rays
The energy distributions of electrons at the end of the simulations are shown in Figure 2. The distributions in
unperturbed air are shown as reference (solid curves) together with the distributions in perturbed air without
pre-ionization (dashed lines) and with pre-ionization (circles). The distributions of bremsstrahlung photons
in perturbed air are shown without pre-ionization (crosses) and with pre-ionization (squares). We see that, as
expected, the number of electrons and the maximum electron energy increases with the perturbation level.
Themaximumelectron energies for 𝜉2−4, reached at the end of the simulations, are approximately 200 eV (200
eV with pre-ionization), 3 keV (1 keV), and 100 keV (50 keV) after 1.03, 0.37, and 0.12 ns. In comparison, the
maximum electron energies in uniform air are ≈100 eV, which is in agreement with earlier results of electron
energies of streamer discharges in perturbed air (Köhn et al., 2018). The higher energies are caused by the
higher-reduced electric ﬁeld close to the axis, which allows for stronger electron acceleration. For perturba-
tions of 75% and 100%, the generation rate of runaway electrons above 1 keV is approximately 3.8 ⋅ 1012 s−1
and3.4⋅1017 s−1, respectively. Schaal et al. (2012) performedground-basedobservations of high-energy emis-
sion fromnatural and rocket-triggered lightning and subsequently estimated the generation rate of energetic
electrons producing X-rays. They found rates of approximately 1012 s−1 - 1017 s−1 which agrees very well with
our simulation results.
In the cases of pre-ionization, the electron number densities are reduced for 𝜉3−4 because the pre-ionization
space charge tends to reduce the ﬁeld; however, the reduction is modest and of the order of a factor of 2. The
reduction in the maximum electron energy is more signiﬁcantly caused by a lower acceleration of electrons.
In such a conﬁguration, the generation rate of electrons above 1 keV is 0.4 ⋅1012 s−1 for 𝜉3 = 0.75 and 0.1 ⋅1017
s−1 for 𝜉4 = 1.0 which is smaller than without pre-ionization but still in the range determined by Schaal
et al. (2012).
We also observe the occurrence of photons at the higher perturbation levels, 𝜉2−4. Their production is a direct
consequence of the existence of energetic electrons. After the acceleration of electrons in the low-density
region, the local electric ﬁeld at the streamer head moves some electrons to higher-density regions where
they createX-rays through thebremsstrahlungprocess. The energy andnumberdensity of photons reﬂect the
properties of the electrons. The lower density of energetic electrons for n3 suppresses the photon distribution
to just a few photons. The maximum photon energy is 3 keV without and 400 eV with pre-ionization. For n4,
on the other hand, the diﬀerence in the photon spectra is modest; the maximum photon energy in this case
is 30 keV without and 15 keV with pre-ionization. This diﬀerence is caused by the sensitivity of the spectra
to the time the simulations are stopped, aﬀecting the case of n3 more strongly because the high-energy tail
of electrons has not had time to fully develop in this case. The results suggest, therefore, that the amplitude
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Figure 2. The energy distribution of electrons and bremsstrahlung photons for the time steps shown in Figure 1. The
electron energy distribution in uniform air density n0 (solid), in perturbed air without pre-ionization nj=1−4 (dashed),
and with pre-ionization (circles). The photon energy distribution in perturbed air without pre-ionization ionization
(crosses) and with pre-ionization (squares).
of the bremsstrahlung photon spectra for pre-ionization is modiﬁed similar to that of electrons, that is, by a
factor of ∼2. The maximum energy of electrons, 𝜖e, and photons, 𝜖𝛾 , as well as the photon number N𝛾 with
and without pre-ionization are shown in Table 1.
4. Discussion and Outlook
Discussing the inﬂuence of air perturbations on the production of X-ray and 𝛾-ray fromelectric discharges, we
have to distinguish the eﬀects of streamers from that of leaders. In laboratory experiments of long discharges
(Kochkin et al., 2012, 2014), multiple streamers propagate in close proximity to each other and experiments
have shown that X-rays occur within tens of nanoseconds when multiple streamers are concentrated in a
small volume around the electrode. The observed currents at the grounded electrode and the high-voltage
electrode during the production of X-rays in these experiments are in the order of 100 A . Thework of Marode
et al. (1979) shows that streamerswith peak currents of several hundreds ofmilliampere perturb air by a factor
of 50% in a radius of several micrometers within tens of nanoseconds. Hence, the eﬀect of density perturba-
tions from bypassing streamers is not negligible and can inﬂuence the properties of neighboring streamers.
The lifetime of the perturbations in the streamer corona is in the order of L2r ∕Dair ≃ 50 ms with a diﬀusion
coeﬃcient Dair ≃ 2 ⋅ 10−5 m2/s (Cussler, 1997). This is large enough for following streamers to encounter
inhomogeneities created by preceding streamers. For instance, it is observed both in lightning of the atmo-
sphere and for sprites in themesosphere that streamersmay followpaths createdby earlier streamers (Nijdam
et al., 2014). In addition, spherical and cylindrical shock waves associated with lightning leader propagation
create large overpressures such that the air density in its vicinity is reduced up to 100% (Liu & Zhang, 2014;
Plooster, 1970). There is no doubt, therefore, that the environment around leader tips is complex, highly inho-
mogeneous, and dynamic. We have shown for the rather simple case of perturbations from a single streamer
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ﬁlament perturbation that such environment is likely to enhance electron acceleration and bremsstrahlung
radiation from streamers relative to a homogeneous air.
Our simulations suggest that inhomogeneities in the background air density, resulting from streamers ahead
of lightning leaders, from shock waves associated with lightning leaders or from neighboring streamers
simultaneously propagating close to each other, may have a profound eﬀect on electron acceleration and
bremsstrahlung radiations in streamers. There are two simultaneous eﬀects at play which are not present in
uniform air. One is that electrons can gain high energies in the center regions of streamers where the air den-
sity is reduced, and the other is that the air density is high at the edge of the streamers allowing high electric
ﬁelds to be established in the ionization wave. Thus, our results suggest the thermal accelerationmechanism
may play a role as a source of energetic radiation as observed from lightning and laboratory sparks.
Table 1 shows the number of photons-produced ranges between 3 and about 22,000 within 0.12 to 1.03 ns
depending on the perturbation level and the existence of pre-ionization. For comparison, the total number
of photons in a TGF is estimated from satellite observations to be in the range of ≈1011 –1018 photons with
energies between several kiloelectron volts to tens of million electron volts, with the lower photon number
limit determined by the instrument sensitivities (Gjesteland et al., 2010; Østgaard et al., 2015). If the streamer
zoneof a lightning leader tip consists of approximately 106 streamers as assumedbyCelestin andPasko (2011),
the average production of one streamer is≈105 –1012 photons above 1 keV. Both the photon energies and the
number of photons in TGFs are thenmuchhigher than obtained in our simulations.Wepoint out, though, that
our simulations are stoppedvery earlybecauseof the limitationson the simulationdomain size. Subsequently,
we miss the initiation of a relativistic RREA and thus a further ampliﬁcation of the number of high-energy
electrons. We can then only conclude that density perturbations enhance the number of relativistic electrons
and signiﬁcantly increase the photon ﬂux relative to the unperturbed case.
In laboratory experiments, on the other hand, the estimated number of photons produced in a dischargewas
103 –104 (Kochkin et al., 2016; Nguyen et al., 2008) and the estimated number of photons being produced by
one single streamer 2 ⋅ 10−3 (Nguyen et al., 2010).
Hence, the average number of photons produced by single streamer discharges ranges from 105 –1012 pho-
tons for TGFs to ≲ 1 photon for X-rays measured in laboratory discharges. For perturbation levels of 75% or
100% we observe 777 photons (9 with pre-ionization) or 21,816 (5,247), respectively, which lies in-between
this number range.
Laboratory discharges likely have lower photon energies and photon numbers in a discharge relative to nat-
urally occurring TGFs because of the limited size of laboratory experiments and the energy of a discharge.
Because of computational limitations, the simulations presented in this manuscript are performed in a small
spatial domain. In this way, the laboratory setting is closer to our simulation scenario. In order to improve our
understanding of the role of density perturbations in facilitating the production of TGFs, it would be desirable
to run further simulations in a larger domain for severalmilliseconds instead of nanoseconds aswell as to treat
air perturbations self-consistently accompanying the electron motion, the streamer development, and the
emission of X-rays. However, as computational costs are currently too high, we conclude then that radiation
enhanced by density perturbations is a likely candidate accounting for radiation in high-voltage experiments
giving us a hint about the production of TGFs in perturbed air, and we point out that future, more realistic,
simulations of streamer discharges and the associated emission of X-rays potentially need to involve the gas
dynamics of ambient air.
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